“Pipetron” Beam Dynamics with Noise

V. D. Shiltsev

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, I1linois60510

October 14, 1996

Abstract

Extra-large hadron collider —*Pipetron” —at 100 TeV energy rangeis currently
under consideration. In this article we study the Pipetron transverse and longitudi-
nal beam dynamicsunder influence of external noises. Themajor effectsare growths
of transverse and longitudinal emittances of the beam caused by noisy forceswhich
vary over the revolution period or synchrotron oscillation period, respectively; and
closed orbit distortionsinduced by sow drift of magnet positions. Based on analyt-
ical consideration of these phenomena, we estimate tolerable levels of these noises
and compare them with available experimental data. Although it is concluded that
transverse and, probably, longitudinal feedback systems are necessary for the emit-
tances preservation, and sophisticated beam-based orbit correction methods should
be used at the Pipetron, we observe no unreasonabl e requirements which present an
impenetrable barrier to the project.



Contents
1 Introduction

2 Transverse Emittance Growth
2.1 Effectof TransverseKicks . .. ... .. ... ... .. ......
2.2 Measured GroundMotion. . . . ... .. ... . ... .. ...
23 Feedback System . . . . . ...
24 RFPhaseNoise . . .. .. . . . . . e

3 Longitudinal Emittance Growth
31 RFNoiseEffect . . . ... ... ... ... . ...
3.2 TransverseKicksEffect . . . .. ... .. ... ... ... .. ...

4 Closed Orbit Distortions
41 AlignmentTolerances. . . . . . . .. .. .. ... ... ... ..
42 SlowGroundMotion . . . ... ... oo
43 CorrectionSystem . . . . . ...

5 Discusson

6 Conclusions

15
15
17

17
17
18
20

21

23



1 Introduction

Several proposals of the post-LHC large colliders with 30100 TeV beam energy
and 10%* — —10% s~'em =2 have been considered in recent years. Two approaches
can be distinguished in the trend — namely, smaller circumference ring with high
magnetic field dipoles based on high-7'. technology [1], and presumably lower cost
option of amicro-tunnel low-field machine with consequently large circumference
[2]. The later — often referred as “Pipetron” (or “MegaCollider”) —is a subject of
thisarticle. Table 1 shows relevant parameters of the collider [3].

Table 1. “Pipetron”- MegaCollider parameters

Proton Energy, E,, TeV 100
Circumference, C, km 1000
Luminosity, L, s tem™2 10%°
Intensity, N,/bunch | 4.1-10%
No. of Bunches, Ny 25000
RMS emittance, €n, 1075m 1
Long. emittance (rms), A, eV-sec 0.3
Bunch length (rms), os, CM 10
Mom.spread (rms), AP/P 1075
Rev. frequency, fo, HZ 300
Interaction focus 4%, cm 10
IPsize orp, gm 1
Beam-beam tune shift ¢, 0.005

The collider ring consists of thousands of magnetic elements, and their field im-
perfections can serioudy affect proper machine operation. It is known [5] that de-
pending on the frequency band one can distinguish two mechanisms of beam per-
turbations in circular accelerator. Slow processes (with respect to revolution pe-
riod) produce a distortion of the closed orbit of the beam. At higher frequencies
(comparable with the revolution frequency), noises cause direct emittance growth.
The revolution frequency of the Pipetron is much lower than in any other existing
or ever planned accel erator, so, because numerous natural noises rapidly grow with
frequency decrease, the noise may produce dramatic effect on the beam dynamics



of the Pipetron. Thisarticleisdevoted to mgjor effectsin beam dynamics dueto ex-
ternal noise. Besides this Introduction, the paper consists of four chapters devoted
to transverse emittance growth, longitudinal emittance growth, closed orbit drifts,
and comparison of the Pipetron tolerances with those of the LHC and the SSC. The
final chapter summarizes major conclusions.

2 Transverse Emittance Growth

2.1 Effect of TransverseKicks

Transverse kicks. The primary sources which lead to emittance growth in large
hadron colliders are quadrupoles (quad) jitter and high-frequency variations of the
bending magneticfieldindipoles. Both sourcesproduceangular kicksand excite co-
herent betatron oscillations. After some time (which isabout 1200 turnsin the case
of the Pipetron — see below in the section devoted to a feedback system) filamenta-
tion or dilution process due to tune spread within the beam transforms the coherent
oscillationsinto the emittance increase. If thereisno damping of the excited coher-
ent motion, then the latter as whole “smears’ to the beam phase space volume. In
the simplest case, when the kick amplitude Aé variesrandomly after the revolution
time 1/ fo and itsvariance is §0*, one can estimate the transverse emittance growth
as:

de 1 all kicks 1
d—”: —foy Y. A0S = -foy60° < 3> N Q)
t 2 - 2
where < 3 > istheaverage betafunction, v = E,/mc* isréativistic factor, and N
isthe number of elements which produce uncorrelated kicks. Two major sources of
the dipole kicks are fluctuations 6 B of the bending dipole magnetic field B, which
give horizontal kick of 66 = 6y(6B/By) (00 = 27/N, isbending angle in each
dipole, NV, istotal number of dipoles); and transverse quadrupol e magnets displace-
ments 6 X which lead to kick of 66 = 6 X/ F', where [ is the quadrupole focusing
length. For aring which consists mostly of FODO focusing structure with half cell
length of L (approximately equal to dipole magnet length) and the phase advance
per cell of 2 one can rewrite the emittance growth rate equation *:

de §X?2N, §X? §X?

_n: = 2 —
o = 2or——tg(n/2) = 2ey—tg(n/2) = v—

Ny2tg(u/2),  (2)

where N, is total number of quads, c is the speed of light. Similarly, uncorrelated
field fluctuations in dipoles result into mostly horizontal emittance growth rate —
while (2) stands for both vertical and horizontal emittances— equal to:

Hollowing Ref. [4], we take into account FODO equation ", 3;/F? = 4tg(p/2)N, /L



de, wfoyL6B* wey §B?
dt v B Ny B’
v = C/(2xv) isthetune.

It isinteresting to note, that “ vibrational” emittance growth (2) isproportional to
factor of N7tg(y/2) o< N,v = @, whiledipolefield effect (3) isproportional to .
Thevalueof ¢ isproportional to v if the half-cell length value L isfixed, or growsas
v* if the phase advance per cell i isconstant. Therefore, the two contributionsto the
emittance growth rate (2,3) perform exactly opposite dependencies on the machine
tune.

In general case, when external noiseisnot “white” (exactly randomintime) and
can be described by power spectral density Ssq( f) 2 which depends on frequency f,
the emittance growth rateis calculated in [5]:

(3)

ddit” =13 2 (BiSumi(v)) (4)
where
Sumg(v) = fj Sso (folv —nl) (5)

isthe sum of power spectral densities of angular kicks produced by the:-th source at
frequenciesof fy|v —n|, n isinteger, thelowest of themisfractional part of thetune
times revolution frequency f1 = Av fy (5; isthe beta function at the «-th magnet).
Thedimension of Sum( f) is1/Hz, so the dimension of the emittance growth rateis
meters/sec. Note, that we assume that kick sources are uncorrelated.

Beam lifetime and acceptable emittance growth. Let us constrain that external
noise should lead to less than 10% emittance increase while the beam circulatesin
the accelerator. Characteristic beam lifetime 7 in Pipetron has to be chosen to op-
timize integrated luminosity. Several time constants play rolein that. First of all,
these arelongitudinal and transverse emittance growth times due to intrabeam scat-
tering, which are equal to (see, e.g. [6]):

462 Av,d 2 Av,
S A S R =11 ) e ()
T Lemyc? Npr? D2(AP/P)? €x b0,
and
1/4,,1/4,3/4
T;BS r~ 7_||IBS/d27 Lc — lﬂ 7 V' €y (7)

]%1/474}1)/2

2seedefinitionsof the power spectral density inthe next section concerning ground vibrationnoise



wherer, = 1.53 - 10~'®*mis proton’s classical radius, R = ('/2r isthering
radius, and v,. isthe horizontal betatron tune. Taking for definiteness v, =~ 500 (see
below) one gets 7,{%® ~ 6 hrs, and /7~ ~ 500 hrs. Theluminosity “burn-up” time
7, = NyNy/(Loy,,) ~ 28 hours(o,, ~ 100 mbistotal pp cross section at 100 TeV).
Transverse damping time 7 due to synchrotron radiation of protonsin Pipetronis
about 42 hours, that istoo small for the radiation to play any significant rolein beam
dynamics.

Comparing thesetemporal valuesone can choose the Pipetron cycletime of about
7. = 5 hours and get the constraint on the noise-induced emittance growth:

de,, . .
01 = 5.6-1072 /s, (8)
dt Te

Tolerances. Taking into consideration 500-m long FODO cell (i.e. L = 250m)
focusing structure with = 90° phase advance per cell [3] one can estimate the
tune v ~ 500, total number of focusing quadrupoles as N, = 4000 and about the
same number of dipoles V,;. Now, the acceptabl e transverse emittance growth rate
requires:

¢ single quadrupoletransverse vibration spectral density of power islimited by
the value of:
,um2 pm2

=20 —
Hz Hz’

> Ssx(folv — nl) ~ Ssx(foAw) < 21071

where Av isfractional part of ». Approximation sign reflects that spectrum
of vibrationsfalls fast with frequency increase (see below).

e or the rms amplitude of turn-to-turnjitter of each quadrupole (white noisein
frequency band £, 3):

§X s < 0.76-107%m = 0.76 - 10~ . = 0.76 A.

e and atolerablelevel of bending magnetic field fluctuations to its mean value
By inthedipole:

(6B/By) <3.4-107".

m

2.2 Measured Ground Motion

Let us make a comparison of the above calculated constraints with experimental
data. Firstof al, oneshould consider the ground motion becauseit isambient,aways
existing and non-controlled noise. Technological near-by equipment can increase

3note, that transition between “white noise” formula (1) to “color noise” one (5) corresponds to
substitution 8 X? < foSx (Av fy)



natural vibrations level by several orders of magnitude. In addition, accelerator en-
vironment contains many other sourceswhich can produce angular kicksand, there-
fore, initiate the emittance growth (see, e.g. Tevatron experiencein [23]). In recent
years a number of thorough experimental investigations of ground vibrations have
been done for future colliders (see review in [7]). Below we outline some results.
As most of disturbances are noises, then statistical spectral analysis defines the
power spectral density S,.(f) (PSD) of noise process z(t) at frequency f > 0 as:

2

S.(f) = lim =

T—co T

T .
/0 ot) e"itgy 9)

The dimension of the PSD is power in unit frequency band, e.g. m?/H = for the
PSD of displacement. PSD relatesto thermsvalue of signal o.,,.s( f1, f2) inthefre-
quency band from f; to f, aso? . (f1, f2) = fji? S:(f)df, eg. below we note inte-
grated rmsamplitudethat correspondsto f, = oo. The spectrum of coherence C'( f)
of two signals x(t), y(t) isdefined as:

(X(N)Y*(f)
C = )
g ‘WX(f)X*(f)MY(f)Y*(f»

here < .... > means averaging over different measurements and X (f), Y (f) are
Fourier transformationsof =, . The coherence does not exceed 1.0 and is equal to
0 for completely uncorrelated signals.

Fig.1 compares thevalue of S.( f)(27 f)% in unitsof (um/s)?/Hz * for the US
Geological Survey “New Low Noise Model” [8] —aminimum of the PSD observed
by geophysicistsworldwide—and datafrom accel erator facilitiesof HERA [9], KEK
[10], CERN [12], SLAC[14], and FNAL [15]. These PSDsof velocity indicate that:
1) accelerators are essentially “noisy” places; 2) ground vibrations above 1 Hz are
strongly determined by cultural noi ses—they manifest themsel vesas numerous peaks
inFig.1; 3) even among accel erator sitesthedifferenceisvery large, that givesahint
for the Pipetron builders.

(10)

4i.e. the PSD of velocity v = 27 f2. The ground velocity spectra plots are looking much better
than the PSDs of displacement = which look very tilted because of strong reduction of noisesat higher
frequencies.
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Ground motion spectra at different sites.

(SLAC, CERN, DESY, KEK, FNAL, USGS New Low Noise Model)
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Thereisa*“rule of thumb” [7] that says that the rms amplitude of the vibration
at frequency f and aboveisequal tor.m.s. X = B/ f[Hz] (here B is aconstant)
which corresponds to the PSD of S,.(f) = 2B?/f°. Within afactor of 4 thisrule
usually fits well the accelerators-averaged vibration amplitudes above 1 Hz under
“quiet” conditions. Fig.2 presents the values of rmsX(f) = [/ S.(f)df calcu-
lated for several spectrafrom Fig.1—namely, for SLAC, CERN, HERA, and FNAL
data. The measurement of tunnel floor vibration amplitude madein the Tevatron tun-
nel at FNAL covers frequencies of 1-25 Hz and can be approximated by the “rule
of thumb” with B = 100 nm. Although there is no data on FNAL site vibrations
at higher frequencies, we will use the fit predictions above 25 Hz as well. From
Fig.2 one can see that almost the same coefficient B is applicable for the HERA
tunnel amplitudes, while ground motion amplitudesin tunnels of SLC(SLAC) and
TT2A(CERN) are about 10-20 times smaller.

Below 1 Hz the ground motion amplitude is about 0.3-1 ;m due to remarkable
phenomenaof “ 7-second hum”. Thishumiswavesproduced by oceans—see abroad
peak around 0.14 Hz in Fig.1 — with wavelength of about A ~ 30 km. It produces
negligible effect on Pipetron, because A is much bigger than typical betatron wave-
length 273 ~ 2 km.
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Figure2: RMS amplitude above f vs. f.



Thorough investigations of spatial characteristicsof the fast ground motion have
shown that above 1-4 Hz the correlation significantly drops at dozens of meters of
distance between points. Fig.3 shows the spectrum of coherence between vibrations
of two quadrupoles distanced by 60m at the APS(ANL) [13]. The coherence falls
with increasing distance L between observation points, and sometimes a 2-D ran-
dom waves model prediction of C'(f) = |Jo(2x fL/v)| withv = 200 — 500m/s
fitswell to the experimental data [14]. For the FODO lattice with distance between
quads . = 250 one may treat motion of magnets as uncorrelated at frequencies
above 1 Hz.

Table 2 comparesrequirementsfor the Pipetronwith threeparticular tunesAv =
0.18, 0.31 and 0.45 and experimental data. Notethat correspondingfrequencies f; =
foAv areequal to 54 Hz, 93 Hz, and 135 Hz.

Table 2: PSD of Ground Motion (in (pm)?/ H =) at Three Frequencies

Av 0.18 0.31 0.45
fi 54Hz | 93Hz | 135Hz
Pipetron tolerance | 20 20 20
NLNM 002 | 21072 | 2107
SLAC (quiet) 100 - -
DESY (tunnel) 10° 7000 | 1700
SSC (quiet) [11] 10 100 20
CERN (tunnel) 300 20 -
“Ruleof thumb” | 1.3-10° | 25-10* | 8000

One can seethat noneof theaccel erator datashowsvibrationswhich arelessthan
the Pipetron requirements, although PSDs at higher frequencies (say f; = 135 Hz)
aremuch lessthan at lower frequency of 54 Hz, and, therefore, larger A —closer to
half integer resonance — are preferable from this point of view. At Av = 0.18 one
needs the vibration power reduction factor of R = 10 — 10*.

10
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Figure 3: Coherence spectraat the APS (ANL).

Before discussion on the feedback system which can effectively counteract the
emittance growth, we'd like to make three comments: firstly, there are waysto re-
duce quadrupole vibrations with active mechanical stabilization of the magnets or
passive dampers which isolate magnets from sources of vibrations (ground, cryo-
genic/electrical systems, etc.). The active stabilization of magnetic elements - be-
sidesits probable high cost for the really large accelerator — doesn’t seem to be ap-
plicable for damping at frequencies above 20-30 Hz (see e.g. [16]). In opposite, the
passive isolation works better at higher frequencies, although its capability is quite
limited (characteristic damping of 10-20dB [17]), but it leads to certain degradation
of low-frequency stability and does not cure vibrations produced inside the magnet.

Secondly, requirement on the magnet motionsis somewhat easy in the combined
function lattice. Indeed, from 1, one can see that if the characteristic length over
which mechanical motion of thedipol e+quadrupol ein one magnet can be considered
as coherent is equal to /., than the emittance growthrateisr = [./ L timesless than
(1) °. At frequencies about 50-100 Hz and above one can roughly estimate /. ~ 10

Sindeed, the number of coherently vibrating sub-quadswith length . isproportional to N, oc 1/
while the kick produced by each of them is » times weaker Ad, o r, thusthe total effect in the
emittance growth is proportional to the product of N, and A6? thatisoc (1/r) * r? = r.

11



m, so, as . = 250 m, weobtainr ~ 1/25 and, consequently, 5timeslarger tolerance
on the ground motion amplitude. Unfortunately, variations in the PSD of ground
motion are at least hundred times larger than r, thus, the combined function lattice
can not solve the whole problem.

Thirdly, we have not enough experimental datato answer thequestion: “Isit pos-
sible to reduce dipolefield fluctuations at 50-150 Hz down to the level of 3-107°7".
At these frequencies the skin depth even in copper is about 1 cm, thus, no reason-
able vacuum chamber can effectively reduce field variation due to current ripple.
Another important and unanswered question is spatial coherence of the current rip-
ple: correlated field changes over the ring can lead to substantial increase as well
as decrease of the emittance growth. To avoid confusion, we should note, that in
contrast to awideband noise, the main components of the rippleare usually concen-
trated at several well-defined frequencies (multiples and subharmonics of 60 Hz in
the USA), and one can significantly reduce their detrimental influence by detuning
f1 = Av f, away from these frequencies.

2.3 Feedback System

Emittance evolution. A transversefeedback frequency allowsoneto suppressthe
emittance growth caused by excitation of the betatron oscillations by external noise
kicks simply by damping the coherent beam motion which otherwise goesdirectly to
the beam phase space increase. 1t is obvious that the oscillations should be damped
much faster then they decohere. The system monitors the dipole offset X of the
beam centroid and triesto correct it by dipole kicks § which are proportional to the
offset, applied a quarter of the betatron oscillation downstream. We operate with
dimensionless amplification factor ¢ of the system (gain) which is equal to:

0v/ P12

T (12)
where 3, and 3, are the beta-functions at the positions of the pick up and the kicker
electrodes respectively. Inthe limit of ¢ < 1 the decrement due to the feedback
isequal to  fog, i.e. the amplitude of the betatron oscillations being reduced 1 /e
times after 2/¢ revolution periods. Theory of the feedback (see e.g. [5]) givesthe
transverse emittance evolution formula

de, 476V man2 1 sdes,
[
where emittance growth rate without feedback (de,, /dt), is given by (1,4), X, uis
is the rms noise of the system (presented as equivalent input noise at the pick-up
position), and év,,,,s iSthe rmstune spread within a beam.

7f092 2
i + X“ .
dt )0 261 nowse

], G > ATV, (12

12



Sour ces of decoherence. The decoherence of betatron oscillations is caused by
several kinds of the tune spread [18, 19, 20]:

e rmstune spread due to nonlinear fieldsis about

€, < 3 >2

Sunro = o*(dv/da®) ~ v
~

bg - 10_6,

dueto systematic error octupole component of b3 = 107° ¢~ [3], and about
twice larger due to sextupoles used for chromaticity correction b, ~ v/(<
B>< D, >)=25-10"em ™%

€, < 3 >7
2vv

€, < 3>

=y n S0
2 V27<Dx>2

5VNL,SZ ~ 2. 10_6,

¢ tune spread due to residual chromaticity and momentum spread

n(AP/P)

2, )2 ~ 107°

dveop ~ 21/5(
if the chromaticity » is compensated down to 5, and the synchrotron tune is
vy =124-107%;

e major source of the tune spread (and, consequently, decoherence) is nonlinear
beam-beam force which results in the rms tune spread of [20]

dvpp ~ 0.167¢ = 8.4-107%.
The decoherence takes place over about Ny oner = 1/6vpp ~ 1200 turns.

Ultimate gain and emittance growth reduction. Computer smulations [4, 21]
and analytical consideration of thefeedback system [22] resulted in maximum useful
gain factor g,,., ~ 0.3 —therefound no reduction of the emittance growth rate with
further increase of ¢ because of higher-(than dipole)-order kicks effect, the system
noi se contribution grows, whilethe coherent tune shift due to feedback becomestoo
large, and affects multibunch beam stability in presence of resistivewall impedance.

Therefore, maximum reduction factor R,..: = (gmas/47Avgg)?* isabout 800
for the Pipetron design parameter of ¢ = 0.005, while the minimum practical gain
which still can lead to the damping isabout 476 = 0.01. Note, that DESY and
SSC ground motion powers—see Table 2 —at f; = 0.18 f, are beyond the extreme
feedback capability.

Asit is seen from (12), feedback noise also leads to emittance growth and its
relative contribution grows as o< ¢?. Taking the beta function at the pick-up 3, =
500m we get limit on the rms noise amplitude:

13



[ 231 (de,, /dt)o ] 1/2
foldmdvpp)?y

Thermal noise at room temperature 7' for a pick-up with half-aperture 6 can be
estimated as:

Xnoise < X:é?fe — ~14 Hr. (13)

_ b AKTAS
X = TN Noe 7~ 0.5[nm]\/Af[kHz], (14)

here k is Boltzmann constant; pick-up impedance was chosen 7 = 50 Ohm. For
a narrow band system with A f ~ 10 kHz, the noise is about 1.6nm, while for a
bunch-by-bunch feedback system A f = 10MHz and X, = 0.05 um. We see, that,
in principle, thermal noise limitiswell below the necessary accuracy of 1.4 ym (see
(13)).

Power of the output amplifier of the system depends on maximum noise ampli-
tude of the proton beam oscillations. The rms coherent oscillation amplitude can be
estimated as 6 X s & 1/ Naeconer Ny B/ f1 &= 2 um. Taking the “safety “ factor of 5
weget 6 X, = 56 X,ns = 10 gm maximum amplitude, and the necessary angul ar
kick of about 2 - 10~ rad —we assume /3, = 500 m at the kicker. Such a corrector
with alength of /, = 1m, and an aperture b = 1cm will require a certain amount of
energy 6 W of electric (or magnetic) field £

oW = g—zﬂ'lka ~ § X2 [um]b*[em]/x[em] - 5[mJ] = 5[m.J]. (15)

T max
Again, for anarrow band feedback system with A f=10 kHz, it yields the power
of P = éWA f=50W, whilefor a bunch-by-bunch system one needs 50 kW am-
plifier.
24 RF Phase Noise

Basic equation of the longitudinal particle motion describes particle motion under
impact of the RF phase error A¢:

A A \%
(22, = (31, -y,

g1 = b + QWh(%)n + Ay, (16)

here V;, stands for the RF voltage, hapmonics number 1 = fry/ fo, p IS particle
momentum. Turn-to-turn jitter of the RF phase results in fast momentum variation
(Ap/p) = (eVo/E,)A¢ which leads to an instant change of the horizontal orbit of
AX = D,(Ap/p), where D, isthe dispersion function at the RF cavities. Itis

14



equivalent to beam displacement and — again, after decoherence process — causes
the emittance growth of:

de, 1 5 Vo

a2 Hég fOFpa
wheretheinvariant H = (D? + [3.D), — 5.D,/2)?)/3.. The energy gain of 100
TeV over 7 =0.5 hour requires 185 MeV per turn energy increase, thus, taking an
overvoltage factor of 2 we need eV, = 370 MeV. Taking (intheworst case) H = 1
cm at the RF system position, one gets that 10% emittance increase during the ramp
timeoccurswiththermsturn-by-turnRF phasejitter 6¢ = \/fo 3., Su(folv — n|) ~
5 mrad. Note, that frequencies of interest are ill of about f; and fo, i.e. of the
order of hundred(s) of Hz. The measured one phase noise at the Tevatron is less
than 0.04 in 100 Hz frequency band [23], i.e. more than 100 times less than the
tolerance. Thereisno need of high voltage RF at the collision energy at the Pipetron,
and, say, ¢Vp = 20 MeV should be enough, that yields in easier tolerances on the
phase stability of 6¢ ~ 30 mrad. Thus, the RF phasejitter doesnot seem to beared
problem for the transverse emittance degradation.

Asitisseen from (16), fast variation of the voltage 61" also can initiate the ef-
fect, and the tolerance on the amplitude can be derived from the phase tolerance as
(AV/Vy) =~ A¢s ~ 0.03, where ¢, = o,/ g ~ 0.15. This requirement also
seems to be quite easy to fulfil.

(17)

3 Longitudinal Emittance Growth

3.1 RF Noise Effect

The RF phase errors at frequencies of the order of synchrotron one f, = v, f, and
higher lead to the longitudinal emittance growth of:

dA  eVp dg?
— = 1
dt  frr dt (18)
The synchrotron oscillations phase grows under impact of noise as
d¢? 2 2 2
E = ﬂ-w55¢(w5) = 27Tf01/55¢(f01/5)

, wherew, = 27v,fo > 0, S, isthe PSD of the phase noise © (see e.g. Appendix C
in[21]).
The synchrotron frequency

fovs = forJaheVo/(2n B,) = 0.017[H =)y /Vo[MV]/(E,/100T V)

Sherethe PSD inw = 27 f domain relatesto f domain PSD as S(w) = S(f)/(2w). Extended
analytical consideration of the longitudinal emittance growth can be foundin e.g. [24, 25].

15



varies from 3.1 Hz at the beginning of the ramp * (E,=2TeV, Vy = 3710 MV, v, ~
0.01) to 0.33 Hz at the end of the ramp at 100 TeV (v, ~ 0.0011), and then itis
about 0.076 Hz during the collision time with V, = 20 MeV The latter frequency
corresponds to the synchrotron tune of v, = 2.5 - 10~* which comes from single
bunch stability threshold of the transverse mode-coupling instability:

_16VA(E,/e)o,
Y T 9LRIm < 7,5 >
where I, = 2uA is DC single bunch current, and transverse impedance comes
mostly from resistivewallsImZ, = 3772 Ré/b°) ~ 240 MQ/m (the skin depth &
for 10-cm long bunch in Al chamber is about 4 m).
If onerequireslessthan 10% emittanceincrease during half an hour of ramptime
TR, than the tolerance on the phase jitter PSD in frr = 450 MHz RF system is:

(19)

01Afprr 6.4 10~
Tr(eVo)rw? - w2
Measurements with the SSC RF system HP8662 synthesizer [24] shows that in
frequency band of 1-100 Hz the PSD of phase noise can be approximated by

Sp(ws) =

(20)

1.3-107°
Sp(ws) = e (21)

that is twice the tolerance (20) at frequencies about 1 Hz.

Equivalent rms phase jitter tolerance isé¢ ~ |/wsSy(ws) ~ 0.3 mrad at f; = 3
Hz.

The same 10% tolerance for 5 hours of the collision operation with eV, = 20
MeV gives:.

(22)

that is very close to the measured PSD.

Having these numbers one can conclude that with some improvement of the RF
phase stability with respect to the SSC synthesizer, no longitudinal feedback will
probably be required. If the feedback will be implemented it should be not so so-
phisticated as transverse one — it should not be fast and have a large gain, because
the process of the synchrotron oscillations decoherence takes hundreds of thousands
of turnsin the Pipetron. Tolerance on the RF voltage stability 61 also does not seem
tough — it can be estimated as (6V/Vy) ~ (6¢/¢,) ~ 0.2% where we take accept-
able phase jitter of 0.3 mrad, and the bunch phase area of ¢, = o, frr/c ~ 150
mrad.

"here we take the momentum compaction factor of o ~ 1/v2 ~ 4 - 1076
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3.2 TransverseKicks Effect

Another possible source of the RF phase errorsis the change of the circumference
due to non-zero dispersion function D, at the position of dipolekick [25], produced
e.g. by displaced quadrupole magnet § = A X/ F:

A¢ =27hD,.0 =27hD, AX/F.

For the wholering of NV, quadrupoles randomly moving at frequencies about f
with rmsamplitude of 6 X, it resultsin rms phase error:

h<Dy> /N;6X  hy/N6X
0 = R A Y (23)

Combining (23) and (20), and taking & = 1.5 - 10°, v, ~ 500, ' ~ 200 m and
N, = 4000 we get the tolerable PSD of ground motion &:

or about 300 xm rms amplitudein 3 Hz frequency band.

AsitisseenfromFig.1, the power of theground noise at all probable synchrotron
frequencies of 0.7-3 Hz is some 10000 times smaller, therefore the quadrupole mo-
tion effect is negligible. °

Quitesimilar consideration of thedipolefield variation effect resultsin tolerance
on thefield stability of about (6 B/ B) ~0.1% rmsin 3 Hz frequency band. Unfortu-
nately, we have no available experimental dataonthefield stability, but thetolerance
we got should not be severe.

4 Closed Orbit Distortions

4.1 Alignment Tolerances

Thermsclosed orbit distortion d X o p isproportional to thermserror d X of quads
alignment, and if these errors are not correlated, then in the FODO |lattice we can
get:

4sin?(wv) 2 Lsin?(nv)

7 7

dXéOD =

8in f domain

the PSDsin Fig.1 are for absolute movements, i.e. those measured a one point by use of ve-
locitymeter seismic probewith further integration. Relative displacement is even smaller —see next
Section on ground drifts.
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Let ustake the “safety criterid’, i.e. ratio of maximum alowable COD to the rms
one, equal to 517, then for maximum COD of d X% =1 cm (thisis about half aper-
ture of the vacuum chamber) at the focusing lenses where 3 = 765 m (L = 250 m,
= 90°) we get requirement on the rms alignment error of d X ~ 15 um (therewas
used the value of tune Ar = 0.31). Thisvalue sets a challenging task, its solution
needs the most sophisticated alignment techniques and two questions arise in this
connection: 1) temporal stability of the magnets positions; and 2) applicability of
the beam-based alignment.

4.2 Slow Ground Motion

Numerous data on uncorrelated slow ground motion support an idea of “space-time
ground diffusion”. An empirical rule that describes the diffusion — so called “the
ATL law” [26] — states the rms of relative displacement d.X (in any direction) of
two points located at a distance I, growswith timeinterval 7"

< dX*? >= ATL, (25)

where A is site dependent coefficient of theorder of 10=°%! ym?/(s-m). Aslongas
the diffusion coefficient A isvery small, the ground wandering presents only atiny,
but important contribution to the total ground motion which can be severa orders
of magnitude larger but well correlated in space and time at very low frequencies,
systematic, unidirectional, and, therefore, sometimes predictable. The PSD of ATL
diffusionisequal to

Sarr(f) = AL/ (27* [?). (26)

The ground diffusion should cause corresponding COD diffusionin accelerators
with rmsvalue equal to [27]:

2 BATC(Br + Bp)
(dXcop) = 8FZsin® (7v)
here ' is the accelerator circumference, F isthe focal length of each quadrupole
in FODO lattice, v isthe tune of the machine, /3 isthe beta-function at the point of
observation. For most of practical estimations of the rmsorbit distortion amplitude
averaged over thering, theformulaC O D ~ 2/ AT C can be used. It clearly shows
that the diffusive orbit driftisnot very sensitive to the focusing lattice type (only the
circumference C' playsrole), in particular, there isalmost no difference between the
combined- and separated-function lattices responses on the A7 L-like diffusion.

(27)

101_et usremark that probably thisfactor of 5 will not be enoughin the Pipetronwith itschallenging
tolerances, because recent accelerator alignment studiesat SLAC and Japan [28, 29] show that due
to both human and natura factors, the alignment errors statistics is far from Gaussian, it is rather
power-law-like, it often has no finite variance value and demonstrates significant probability to have
many-sigma outliers.
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Figure4: Spectrum of vertica orbit driftsat HERA-p normalized on 5 =1m.
Dashed lineisfor the AT I. model prediction.

Fig.4 presentsthe PSD of theHERA —p vertical orbit (scaledfor 3 = 1 m) which
clearly demonstrates “diffusion-like” behavior of the COD at frequenciesbelow 0.1
Hz — the dashed lineisfor Scop(f) = 8 - 107*/f? [wm?*/Hz] which isin agree-
ment withthe AT L law with A = 3.8 -107° um?*/(s - m) (see formula(26) above).
Peaksabove 2 Hz are dueto technol ogical equipment. The squaresat lower frequen-
ciesrepresent the Fourier spectraof proton orbitin 131 BPMsfrom different fills of
the storage ring [30]. Solid lineisfor datafrom alow noise BPM [9]. The motion
of quads was checked to be the only candidate that can explain these drifts. It was
stressed in [30], that having completely different magnet | attice, the HERA electron
ring orbit also performs “random-walk-like” diffusion with comparable coefficient
A.

Review of the ground diffusion observations [31] points out that the diffusion
coefficient A depends on tunnel depth and type of rock. ** The question of thelimits

1L inear Collider study group at KEK reported indication of significant (15 timesin the coefficient
A) seasonal variations of the diffusion in the 300-m-deep Sazare mine (Japan, green schist) [32] and
they also observed 5 time larger A in a dynamite-dug tunnel in welded tuff with respect to drilled
tunnel in granite (i.e. the tunnel construction method probably makes a difference) [33].
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of applicability of the AT L law is still open — available data cover 7' from minutes
to dozen years, L from metersto dozens km.

Let usscaletheHERA-p orbit datafrom Fig.4 to the Pipetron with use of Eq.(27)
(i.e one should replace 3 4+ (p from 94.2 m at HERA to 1000 m at the Pipetron,
C' from 6.3 km to 1000 km, Fg from 16.8 mto 177 m, and Ar from 0.298 to 0.31)
then we obtain rms COD &t j3,,,,, = 850 m equal to:

dXcop ~ 800[um]y/T[hrs]. (28)

Again, requiring “safe” rms COD of 2 mm, we get 7'=6.3 hours mean time be-
tween necessary realignmentsto initial “smooth” orbit.

If one intends to have a stable and deep tunnel comparable with the LEP one
whereit wasfound A ~ 5 - 107° um?/(s - m), then the corresponding orbit drift is

dXcop =~ 800[um]/T[hrs] and the period of necessary repetition of the Pipetron
alignmentsisabout 2 days. It does not seem to be an easy task to do it mechanically,
even with use of robots, especially taking into account 15 ym precision of the pro-
cedure. “Beam-based alignment” technique looks as the most appropriate for that.

4.3 Correction System

“Beam-based alignment” assumes an extensive use of BPM readingsin order to uti-
lize information about beam distortions for the “golden” orbit maintenance. In cir-
cular accelerators this method (also named “K-modulation™) is based on a fact that
if the strength of asingle quadrupole K = I/ Pc intheringischanged by d K, the
resulted difference in closed orhit is proportional to the original offset of the beam
in the quadrupole — see Fig.5.

From the measured difference orbit the offset can be determined, yielding either
the quad offset to eliminate or the offset between quadrupol e axisand BPM adjacent
to the quad for global correction. The method iswidely used now at many accelera-
tors, e.g. in HERA-e all of 148 quads were equipped with switches in order to vary
the strength of magnets individually, that allows to align the ring within 0.05 mm
error in less than 24 hours [34].

For the Pipetron, the tolerance on quads alignment of dX = 15 um yieldsin
beam displacement in the next downstream quadrupol e position (where we assume
the BPM) of theorder of dX ./ F(dK/K) ~ 1 um if the modul ation depth is about
dK/K = 0.05. Taking several measurements or/and with use of phase-lock tech-
nigue one can distinguish such displacement with BPM resolution of the order of
Agpy =5 pm.
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Figure5: Principle of the beam-based alignment.

Let us calculate necessary strength of correctors assuming two correctors per
cell, geologically stable tunnel (deep, in the hard rock) which can be characterized
by the ground diffusion coefficient A = 5-107° um?/m /s (closeto LEP tunnel data
[31]) and requiring that no mechanical realignment will be necessary within 7'=10
years period. Accordingly to the ATL law (25) it gives v AT L ~ 630 um rmsrela-
tive quadsdisplacement(Z = 250m), or (factor of 5) about d X .., =3.2 mm of max-
imum displacement. Thus, the maximum angle to correct isd.X,,../L ~ 13 urad,
or about 4.3 Tm of the corrector strength at 100 TeV.

5 Discussion

Table 3 comparestolerancesfor hadron collidersof LHC(CERN), SSC and the Pipe-
tron. There are two major effects which limit collider performance. The first is
the transverse emittance growth due to fast (turn-to-turn) dipole angular kicks 64
produced by bending field fluctuationsin dipole magnets A B/ B or by fast motion
of quadrupoles o,. The 10% emittance increase requirement de,,/dt < 0.l¢, /¢,
where 7 isthe collision regime duration, sets alimit on the turn-by-turn jitter am-
plitude which looks extremely tough — of the order of the atomic sizel Comparison
with results of measurements shows that for all three colliders the effect may have
severe consequences, athough the Pipetron is the most troublesome case.

Other figuresin Table 3 arefor the rms quad-to-quad alignment tolerancesin or-
der to keepthermsorbit d X o p within 5 mm, and the estimated time after which cu-
mulativedriftsdueto ground diffusionwill causethesedistortionsT. ~ d X2, /(4AC)
(wetakehere A = 107° um?*/(s - m)). One can see that the SSC and the Pipetron
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have to be realigned very often — or, another solution, to have strong and numerous
correctors.

Table 3: Stability of Hadron Colliders

Parameter LHC SSC | Pipetron
Energy £, TeV 7 20 100
Circumference C' km 26.7 87.1 1000
Emittancee,,, pm 4 1 1
L-lifetime ¢, hrs 10 20 5
Av fo, Hz 3100 760 54-135
Quadsjitter o,, NM 0.05 0.03 0.008
Measured jitter, nm | 0.01-0.1 0.2 0.1-50
AB/B,1071° ~ 4 ~ 2 ~3.4
Align. error, pm 100 60 40
Redlign. time, 7. ~1.5yr. | ~6mos. | ~2weeks

Preceding consideration has shown that natural and man-madevibrationsat Pipetron
canlead to dangeroustransverse emittance growth rate (high-frequency part of spec-
trum) and closed orbit distortions (at lower frequencies). At the early stage of the
project, “on-site” ground motion measurements are necessary to conclude
1) are the measured vibrations dangerous for the Pipetron beam dynamics?
2) (if - presumably - yes) what are necessary parametersof the beam emittance preser-
vation feedback system (gain, noise, bandwidth, power) and strength of dipole orbit
correctors?

For that it seems reasonable to investigate experimentally following topics:

e amplitudes of vibrations, their spectrain 0.01-300 Hz band,

e correlation of vibrations at distances of 0...500 m,

e amplitudesin atunnel (Tevatron or test tunnel) vs. surface ones,

¢ influence of weather (thunderstorm, wind, rain, temperature changes),
e ground motion at FNAL and at other probable site(s),

¢ influence of traffic, other high frequency cultural noise,

e impact of quarry blasts, remote and local earthquakes,

e mechanical resonances of the magnet prototype,

e emittance growth modeling with seismometers “on-line” (asin[35]),
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e relativedrifts of tunnel floor over long periods of time (days—months) at dis-
tances from dozen metersto a kilometer.

Besidesthese items, the Pipetron emittance growth rate estimations call for mea-
surements of :

¢ theRF system phase and amplitude noisesin frequency band of 0.01-500 Hz,

e periodical ripple and random noise in magnitude of dipole magnetic field in
0.01-500 Hz band,

e spatial correlation of the bending magneticfield jitter along 250-mlong dipole
magnet.

6 Conclusions

In this article we have studied impact of external noises on the Pipetron proton col-
lider transverse and longitudinal beam dynamics. General conclusion isthat there
are several rather tough requirements on the noise amplitudes but they can be ful-
filled.

In more detail, we found that:

Acceptable transverse emittance growth rate (less than 10% over the beam life-
time) requires less than 0.076 nm turn-to-turn uncorrelated jitter of the quadrupole
positionsand lessthan 3.4-10~'° field strength fluctuationsin dipole magnets. Anal-
ysis of up-to-date ground motion measurements worldwide shows that these tol-
erances are too tight for actual accelerator tunnels. The emittance growth due to
ground motion issmaller for larger fractional part of the betatron tune, and we sug-
gesttohave Av (or 1 — Av) ashigas0.3-0.45. Thereisacertain need in afeedback
system to damp betatron oscillations and reduce the growth. Decoherence due to
beam-beam interactioninthe Pipetronistoo fast, and limitsthe maximumtransverse
emittance growth rate reduction factor by the value of about 800. We also found that
thermal noisein the feedback BPM will not limit the system performance, and esti-
mated necessary power of system with the 10 MHz frequency band to be about 50
kW. It is noted that combined function magnetic structure of the collider is prefer-
ableasit eases the tolerances.

Estimates based on the Tevatron and the SSC RF systems phase errors measure-
ments, show that the RF phase jitter in Pipetron will not cause any significant trans-
verse emittance growths, while only several-fold improvement in the phase stabi-
lization at low frequencieswill allow to avoid longitudinal feedback system aswell.
Low frequency quadrupole movementswill not cause the bunch lengthening dueto
synchrobetatron coupling with non-zero dispersion in thering.
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Maximum distortionsof the proton closed orbit of the order of thevacuum cham-
ber size were found to occur with some 15 p¢m rmsrelative quad to quad misalign-
ment which is—accordingly to the HERA-p observations and the“ ATL law” —to be
accumulated during 6 hours of operation. To counteract the effect the beam-based
alignment technique must be implemented, that requires some 5:m BPM accuracy,
and 4.5 Tm corrector strength, but in return will alow to avoid mechanical realign-
ment with use of robots over 10 years time periods.

Finally, we emphasize an importance of “on-site” ground motion studies and
magnet vibrations measurements, as well as necessity of data on long-term tunnel
movements, the RF phase and amplitude stability, and dipolefield jitter.
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